and interstitial collagen IV (r=0.588, P<0.01). In addition, the number of interstitial a-SMA+ cells and Background. The cellular and humoral factors involved in the pathogenesis of glomerulosclerosis and the extent of immunostain for collagen IV were positively correlated with the final serum creatinine (r= renal fibrosis following a crescentic glomerulonephritis have not been fully elucidated. Myofibroblasts and 0.517, P<0.05 and r=0.612, P<0.01 respectively) and partially predicted functional outcome (R2=26.7% and transforming growth factor-b ( TGF-b) have been implicated in the development of experimental and 37.5% respectively) as well as the response to treatment.
myofibroblasts in the pathogenesis of fibrotic cres-1 g/day for 3 consecutive days before oral prednisolone was initiated. Cyclophosphamide was given either iv cents [3] .
Myofibroblasts are cells expressing a-smooth muscle at the dose of 0.5-1 g/m2 monthly for 6 months and then at the same dose every 3 months or orally at an actin (a-SMA) that share features with both fibroblasts and smooth muscle cells [4] . Their origin remains initial dose of 2 mg/kg/BW daily. These are the immunosuppressive regimens used in our departments subject of speculation as they are thought to derive from either fibroblasts, pericytes or vascular smooth in Athens. muscle cells [4] . Myofibroblasts are involved in wound healing and contraction as well as scarring [4, 5] . They Parameters have been identified in the glomeruli as well as in the periglomerular and tubulointerstitial areas of various The clinical, biochemical and histological features of all patients at the time of diagnosis were available and are experimental [6 ] and clinical [7] [8] [9] nephropathies. In presented in Tables 1-2. Serum creatinine (sCr) was also the glomeruli, the expression of a-SMA has been available at regular intervals during the follow-up period of associated with phenotypic changes of mesangial cells each patient. The response to treatment was determined from secondary to their activation or proliferation [7] . the slope of the regression analysis of 1/sCr against the time Alternatively, the presence of a-SMA immunostain of follow-up for every individual patient. Patients with within glomeruli may reflect their invasion by periglopositive slopes (significantly different from zero) were considmerular and interstitial myofibroblasts [6, 10] . The ered to be responders while those with negative slopes were presence of a-SMA+ cells in the tubulointerstitium has considered to be non-responders. been associated with progressive renal fibrosis and a poor prognosis in experimental [6 ] and clinical [8] Histological assessment of scarring glomerulonephritis.
Various growth factors have been involved in the All patients included in the study had more than 10 glomeruli pathogenesis of glomerulonephritis and the ensuing in the biopsy specimen. All biopsy specimens were fixed in glomerulosclerosis [11] . Transforming growth factoralcoholic Bouin's solution, embedded in paraffin and examb ( TGF-b) is thought to be the main renal fibrogenic ined in multiple consequent sections (60-80 sections of 3 mm each). The histological study was carried out using haematox-growth factor [12] . Of interest, TGF-b is also the most ylin and eosin (H&E), periodic acid Schiff (PAS), Masson potent activator of myofibroblasts in vivo and in vitro trichrome and reticulin-silver methenamine staining. The [13] .
histopathological features of patients at presentation are The presence of myofibroblasts in the crescents of shown in Table 2 . patients with crescentic glomerulonephritis has been Crescent organization was evaluated by the presence of reported previously [3] . However, the role of myofibreticulin fibres among the cellular components of the crescent. roblasts in determining the clinical outcome of this The presence of reticulin allowed identification of fibrocellutype of CNG has not been evaluated. In this study, an lar and fibrotic crescents. Rupture of the Bowman's capsule attempt is made to identify the expression of a-SMA+ was detected on reticulin and PAS sections. The severity of cells and TGF-b in renal biopsies of patients with the renal histological lesions (glomerulosclerosis, tubular atrophy, arterial and arteriolosclerosis, was scored according CNG in order to estimate their possible contribution to a semi-quantitative arbitrary score from 0 to 3 and was (i) to the fibrotic process, and (ii) to the clinical expressed as absent (0) and present (1-3). A similar scoring outcome of the nephritis. system had been used previously by some of the authors [8] . The percentage of the glomeruli surrounded by crescents or affected by segmental necrosis and the percentage with a
Patients and methods
ruptured Bowman's capsule was counted. The severity of interstitial fibrosis and inflammation were estimated by mor-Patients phometric analysis from the Masson's stain. The detail of the quantitative assessment of interstitial fibrosis is Twenty-one patients with renal biopsy-proven CNG and described below. four controls with minimal change disease were studied retrospectively. Of the 21 patients studied, 19 had a positive Immunohistochemistry ANCA serology at presentation and 2 had idiopathic crescentic glomerulonephritis. Twelve were p-ANCA positive
The detection of myofibroblasts (a-SMA+ cells), TGF-b and (renal-limited vasculitis in 10 and microscopic polyarteritis collagen (III and IV ) relied on immunohistochemistry based in 2) and 7 had circulating c-ANCA (4 suffering form on an avidin-biotin-peroxidase method. Briefly Bouin's fixed Wegener's granulomatosis and 3 with renal-limited vasculparaffin-embedded sections (3 mm) were cut and mounted on itis). Patients' clinical and histological characteristics are gelatinized slides. De-waxed, hydrated sections were given in Tables 1 and 2. quenched with H 2 O 2 (0.6%) in 100% methanol for 20 min to inhibit endogenous peroxidase activity, washed (×2) with phosphate-buffered saline (PBS ) and then incubated with All patients were treated by prednisolone and cyclo-1.5% normal horse/goat serum (as appropriate depending on phosphamide for at least 1 year. Prednisolone was the secondary antibody used ) diluted in PBS containing 0.1% given at an initial dose of 1 mg/kg/BW orally and then bovine serum albumin (PBS/BSA, Sigma, UK ) for 45 min tapered. In 10 patients, treatment was started with at room temperature (RT ). Subsequently, sections were incubated overnight with the primary antibody (4°C in an intravenous (iv) methylprednisolone at the dose of Table 1 . Clinical characteristics of patients with crescentic and necrotizing glomerulonephritis at presentation and as a function of their response to treatment ( Yes: responders and No: non-responders to treatment) [Median (range)]. P-value compares the patients who did and those who did not respond to treatment humid atmosphere). Thereafter, sections were washed and body has been studied extensively and its specificity for a-smooth muscle actin 1 validated [14] . incubated with the biotinylated secondary antibody ( Vector, UK ) for 30 min at RT before treatment according to an 2. A polyclonal anti-human TGF-b 1, 2, and 3 (R&D Systems Europe Ltd). A rabbit polyclonal antibody to rat TGF-avidin-biotin-peroxidase procedure ( Vector ABC Elite Staining Kit, UK ) with 3∞-amino-9-ethyl carbazole (AEC ) b1 was also applied (Santa Cruz Biotechnology Inc., UK ). as the substrate (AEC Substrate Kit Vector Laboratories). Both kits were used according to the manufacturer's instruc-3. Polyclonal anti-collagen antibodies included a goat antihuman type III and IV collagen (Euro-Path, UK ). tions. Finally, sections were counterstained with dilute (1:10) haematoxylin and mounted with an aqueous mounting medium (Glycergel, Dako Patts, UK ). Control sections were incubated with non-immune gamma globulin (Dako Patts) or after the omission of the primary antibody or the use of Morphometric analysis of kidney biopsy material an irrelevant antibody. Renal biopsy material from four patients with minimal change nephropathy was also used The extent of immunostaining in the interstitium, as well as as controls.
the severity of interstitial fibrosis and inflammation, was The primary antibodies used were: estimated stereologically [15] . Transverse sections of the cortical zone of the kidney biopsy were selected. They were 1. A monoclonal mouse anti a-SMA 1 provided courtesy of Professor G. Gabbiani (Geneva, Switzerland ). This anti-viewed through a light-microscope with a ×20 flat field objective. A square lattice of 25 points with a total surface Statistical analysis area of 0.016 mm2 was superimposed onto the tissue and the data collected from a series of randomly selected adjacent Results were expressed as median values and range. Linear fields (10-15) extending throughout the biopsy core. Points regression analysis was performed in order to correlate the falling on stained tissue were recorded and their percentage immunostaining of a-SMA+ cells, TGF-b and collagen III out of the total number of measured points was calculated. and IV among them as well as with the clinical and histopathological parameters. Multiple regression analysis with stepwise elimination of variables was applied to determine the predictive value of a given parameter for the progression of
In situ hybridization histochemistry renal failure (final serum creatinine). The slopes of 1/sCr against time were calculated by linear regression analysis. A cDNA sequence specific for murine TGF-b1 in pBluesribe (+) was kindly provided by Dr R. J. Akhurst (Glasgow Analysis of variance was used to test whether the slopes so derived were significantly different from zero. The University, UK ). The TGF-b1 insert was inserted in the sense orientation relative to the T3 promoter. Antisense and Kruskal-Wallis test was used to compare the intensity of immunostaining and the severity of the other histopatholog-sense RNA riboprobes were generated following digestion with the restriction enzymes (Appligene) EcoR1 and HindIII ical parameters with the clinical outcome in the two groups of patients (responders and non responders). A P-value respectively [16 ] . A 600 bp fragment of the RGR5 cDNA [17] sequence specific for rat pro a1 (III ) collagen was kindly <0.05 was taken as significant. the remaining 6 patients had progressive renal insuffi-Following labelling the RNA probe was cleaned using Nick columns (Pharmacia) followed by a phenol/chloroform ciency with their sCr rising from 378 mmol/l to extraction. The resulting RNA pellet was resuspended at a 985 mmol/l (P<0.01). The median follow-up period concentration of 100 ng/ml. Five micrometre sections of was 14 months (range: 0.4-36 months). ANCAs were Bouin's fixed paraffin-embedded renal biopsy sections were positive initially in 14 out of the 15 patients who placed on 3-aminopropyltriethoxysilane (APES)-coated responded to treatment. Out of these 14 patients, 10 microscope slides. Sections were rehydrated, treated with became negative within 3 months of follow-up, the rest 5 mM levamisole, an inhibitor of endogenous alkaline phosremained positive albeit weakly. ANCAs were positive phatase, and 0.2 N hydrochloric acid for 20 min then digested initially in 5 out of 6 patients who did not respond to with 5 mg/ml of proteinase K (Sigma) for 30 min at 37°C . treatment. Of these, 2 had positive ANCA during The sections were then post-fixed in 1% paraformaldehyde, follow-up and 3 patients became negative. Proteinuria washed and dehydrated. Digoxigenin (DIG)-labelled riboprobes were denatured for 10 min at 65°C and added to the and blood pressure at presentation were not significhybridization solution containing 50% deionized formamide antly different between the two groups of patients 5 mM EDTA, 10 mM NaH 2 PO4, 0.2 mg/ml herring sperm ( Table 1) and they did not show major changes during DNA (Promega), 0.1 mg/ml yeast tRNA (Sigma), 2×SSC, the follow-up period. Out of the 6 patients who had 1×Denhardt's solution and 10% dextran sulphate. no response to treatment, 3 required dialysis between Hybridization was performed with 10 ng/ml of DIG-labelled 15 days and 1 month after the initiation of treatment. riboprobes added to each slide and incubated for 18 h at The remaining 3 patients showed a progressive decline 50°C in a humid chamber. The slides were then washed in renal function over a period of 5-24 months. sequentially with 5×SSC and 2×SSC containing 50% formamide at 50°C and then treated with 20 mg/ml Rnase A Pattern of immunostaining (Sigma) for 30 min at 37°C. Further washing was continued once with 2×SSC and once with 0.2×SSC at 37°C. Slides The immunohistostological distribution of a-SMA+ were washed with Tris-buffered saline (TBS 0.1 M Tris-HCl cells, TGF-b and collagen III and IV are presented in and 0.15 M NaCl, pH 7.5) and incubated with TBS con- Table 4 . a-SMA+ cells were identified in the tubulointaining 10% normal sheep serum and 1.5% blocking reagent terstitial and periglomerular areas, in the crescents as (Boehringer Mannheim, UK ) for 60 min at room temperature. The sections were then incubated with alkaline phos-well as in the smooth muscle layer of arteries and phatase conjugated sheep anti-DIG antibody (Boehringer arterioles of patients with CNG ( Figure 1B ). By con-Mannheim) diluted 1:500 (1.5 U/ml ) in TBS containing 1% trast, these cells were confined to the arterial wall and normal sheep serum for 60 min at RT. The sections were sparsely in the tubulointerstitial area in control biopsies finally washed in TBS and then alkaline buffer (0.1 M ( Figure 1A) . It is of note that a-SMA+ cells were Tris-HCl, 0.1 M NaCl, 0.05 M MgCl 2 , pH 9.5). The colour identified in the periglomerular area of all patients substrate solution was added consisting of 4-nitroblue with CNG. They were also prominent in fibrocellular tetrazolium chloride/5-bromo-4-chloro-3-indoylphosphate and fibrotic crescents ( Figure 1C ). In some renal biops-(NBT/BCIP) ready-to-use tablets (1 tablet to 10 ml DEPC ies, an invasion of myofibroblasts into the Bowman's water) to each section. The colour reaction was developed space and glomerular tuft was noted possibly through in the dark at 37°C and stopped with distilled water and mounted under aqueous mounting medium (60% glycerol ). the disrupted Bowman's capsule ( Figure 1C ). 
TGF-b was detected exclusively in patients with CNG. significant positive correlation was also observed It was localized in the interstitium (tubulointerstitial and between the percentage of glomeruli with fibrotic cresperiglomerular areas) and in the crescents (Figure 2 ). cents and (i) the intensity of the interstitial expression of When immunostain was analysed with a specific antia-SMA+ cells (r=0.504, P<0.05), as well as (ii) the TGF-b1 antibody, additional antigens were detected percentage of glomeruli with disrupted Bowman's capwithin distal renal tubular cells ( Figure 2B) . sule (r=0.631, P<0.01). Also a positive correlation was Collagen III was detected in the adventitia of arterial observed between the expression of interstitial walls and in the interstitium of both patients and collagen IV and the initial and final serum creatinine controls with significantly heavier immunostaining in values (r=0.497, P<0.05 and r=0.612, P<0 .01 respectthe former (the median percentage of points for interively). Finally, the latter was also positively correlated stitial collagen III in patients with CGN was 40% while with the expression of interstitial a-SMA+ cells (r= in the controls it was 11%, P<0.01) (Figure 3 ). 0.517, P<0.05). Further, regression analysis showed a Collagen III was also identified in the crescents. predictive value for interstitial a-SMA immunostain and Finally, collagen IV was also identified in the same the final serum creatinine (R2=26.7%, F=6.93, distribution as collagen III (adventitia of arterial walls, P<0.016). The only other factor that predicted the final interstitium and crescents). Again patients with CGN serum creatinine was the severity of the interstitial fibhad significantly heavier immunostaining for interrosis as shown by the interstitial collagen IV immunostitial collagen IV in comparison to controls (43% vs stain (R2=37.5%, F=11.4, P<0.003). Of interest, the 22%, P<0.01). In addition collagen IV was detected more conventional histological parameters had a weak in the basement membranes of normal glomeruli and predictive power with the exception of the number (perin the normal segments of glomeruli of patients with centage) of ruptured glomerular Bowman's capsules CGN. (R2=18.3%, F=4.25, P=0.05) .
The percentage of glomeruli with fibrotic crescents In situ hybridization histochemistry was significantly correlated with the severity of interstitial fibrosis (r=0.449, P<0.05) and with the severity In situ hybridization revealed little mRNA for TGFof interstitial inflammation (r=0.614, P<0.01). In b1 in normal human kidneys. On the one hand, in addition, the severity of interstitial inflammation was CNG biopsy material, we noted a strong immunoreacsignificantly correlated with the severity of TGF-b tivity within tubular cells ( Figure 4B ). No TGF-b1 expression in the interstitium (r=0.529, P<0.05) and mRNA could be detected in the glomeruli or in the with the percentage of glomeruli with a ruptured interstitial renal cells. On the other hand, mRNA for Bowman's capsule (r=0.604, P<0.01). collagen III was mainly localized in the renal interstitium ( Figure 5B,C ). An increased transcription (synthesis) of collagen III was noted in the biopsies of patients with CNG. The distribution of the mRNA Clinicopathological parameters and response to for collagen III in these biopsies was localized in a treatment perivascular, peritubular and periglomerular distribu-Tables 1 and 2 summarizes the relation between the tion identical to that of myofibroblasts ( Figure 1B) . various clinicopathological parameters examined and the response to treatment. The percentage of the glom-Correlations between parameters eruli with fibrotic crescents (P=0.05) as well as with a disrupted Bowman's capsule (P=0.03) and the The correlations between the examined variables are intensity of expression of the interstitial a-SMA+ cells presented in Table 5 . A significant positive correlation (P=0.04) as well as of collagen III (P=0.05) and existed between the expression of interstitial a-SMA+ collagen IV (P=0.02) were inversely correlated to the cells and (i) interstitial TGF-b (r=0.591, P<0.01) as response to treatment (the slope of the 1/sCr against well as (ii) interstitial collagen IV (r=0.588, P<0.01). time regression). No such correlations could be The severity of interstitial collagen III immunostain was observed with the percentage of glomerular crescents, also positively correlated with the immunostain for interstitial collagen IV (r=0.448, P<0.05) . In addition, a interstitial fibrosis or inflammation. 1. (A) . Photomicrograph of a normal kidney stained for a-SMA (×200). (B) Photomicrograph of immunostain for a-SMA within the kidney of a patient with crescentic glomerulonephritis (×200); note the periglomerular and peritubular distribution of a-SMA+ cells (myofibroblasts). (C ) Photomicrograph of immunostain for a-SMA within a crescent (×400); note the infiltration of the Fig. 3 . Photomicrograph of immunostain for collagen III surcrescent and the glomerular tuft by a-SMA+ cells (myofibroblasts).
rounding the glomeruli and the tubules of a kidney with crescentic glomerulonephritis (×200). Also note the infiltration of the glomerular tuft by collagen III.
Discussion
previous observations showing an involvement of myofibroblasts in crescentic glomerulonephritis [3] . Furthermore, this study shows a close association This study extends our previous observations on the distribution of a-SMA+ cells (myofibroblasts) in between the distribution of myofibroblasts along with TGF-b as well as collagen III and collagen IV in experimental and clinical nephropathies. It confirms crescentic glomerulonephritis. This association was evident in the tubulointerstitium as well as in the periglomerular areas and ultimately within crescents.
Others have described the presence of myofibroblasts in the glomerular crescents of patients with rapidly progressive glomerulonephritis [3] . Of interest, the detection of myofibroblasts in glomerular crescents appeared to be linked, in our study, to the presence of were found between the percentage of fibrotic crescents, crescentic glomerulonephritis (×200). (B) In situ hybridization histothe percentage of glomeruli with a disrupted Bowman's chemistry (digoxigenin) showing mRNA for collagen III in an capsule and the expression of a-SMA+ cells in the interstitial distribution in a kidney with crescentic glomerulonephritis (×200) and (C ) (×400); note the similarities between this distribu-interstitium, suggesting a causal link. Accordingly, tion pattern and that in Figure 1 depicting the distribution of interstitial myofibroblasts may play a role in the pathomyofibroblasts. genesis of fibrous crescents through their migration into the Bowman's space of glomeruli with disrupted capsules. We have previously postulated that the migration of interstitial myofibroblasts into the Bowman's A role for TGF-b in the pathogenesis of interstitial renal fibrosis has been postulated [12] . Our study space through holes in the Bowman's capsule may also contribute to the pathogenesis of glomerulosclerosis demonstrates that the expression of TGF-b was co-localized to that of the myofibroblasts in the [6,10]. 
